an absolute change in serum creatinine, is heavily biased by baseline renal function. An alternative definition of WRF should be considered for future studies of cardio-renal interactions.
Introduction
The strong relationship between chronic renal insufficiency and adverse outcomes in heart failure has been well described [1] [2] [3] [4] [5] [6] [7] . More recently, attention has shifted to the adverse prognosis associated with worsening renal function (WRF), commonly defined as an absolute increase in serum creatinine 6 0.3 mg/dl, during the treatment of acute decompensated heart failure. Complicating approximately one third of heart failure admissions, WRF has been associated with increased length of stay, readmission rate, and increased short-and long-term mortality [3, [8] [9] [10] [11] [12] [13] . Despite the numerous publications in this area, there has been little progress toward elucidating the mechanism for WRF. The majority of these investigations have demonstrated patient characteristics, hemodynamic parameters, and treatment modalities previously assumed causal to have no association or even an inverse association with WRF [3, [8] [9] [10] [11] [14] [15] [16] [17] . Across these studies, the most frequently observed risk factor for WRF has been baseline renal insufficiency.
As research in the area of cardiac-renal interactions has progressed from description of prognostic effects to more mechanistically based investigations, the most commonly used definition for worsening renal function has remained an absolute increase in serum creatinine, generally 6 0.3 mg/dl [12] . Serum creatinine has an exponential relationship with estimated glomerular filtration rate (GFR) [12, 18] . As a result, even a modest absolute increase in serum creatinine can represent either a small or large relative change in renal function, depending on the baseline serum creatinine level. Given this non-linear relationship, we hypothesized that WRF defined by an absolute increase in creatinine is biased by baseline renal function. Additionally, we hypothesized that the previously described association between WRF and baseline renal function may be an artifact of this exponential relationship.
Methods
We reviewed all consecutive admissions to the cardiology and internal medicine services at the Hospital of the University of Pennsylvania with a primary discharge diagnosis of congestive heart failure from January 1, 2004 to December 1, 2008. Additional inclusion criteria included a B-type natriuretic peptide level within 24 h of admission and a length of stay of 3 to 10 days. Exclusion criterion was a lack of admission or discharge serum creatinine level. Estimated GFR was calculated by the Modified Diet and Renal Disease equation [19] . WRF by the absolute change in creatinine criteria (WRF CREAT ) was defined as an increase in serum creatinine 6 0.3 mg/dl above the admission value at any time during the hospitalization. Decreases in GFR from 10 to 40%, also at any time during the hospitalization, were tested in 5% intervals for frequency of occurrence and the value with the most similar incidence to WRF CREAT was used for comparative analysis. An admission GFR ^ 60 ml/min was defined as moderate or severe renal insufficiency. Mortality data was obtained via the Social Security Death Index. Institutional review board approval was obtained for the study.
Statistical Methods
Values are reported as mean 8 standard deviation or percentile value. Independent Student's t test or the Mann-Whitney U test was used to compare means of independent continuous variables. Pearson's 2 was used to evaluate categorical variables unless otherwise stated. Correlation is reported as Phi for comparison of two dichotomous variables. Cox regression analysis was used to evaluate mortality rates when there were censored events. The independence of WRF definitions, from baseline renal insufficiency, was determined using logistic regression analysis comparing models with and without the inclusion of the alternative definitions for the evaluation of mortality estimates at discrete time points (i.e. 30 days). Additionally, logistic regression analysis using backward elimination was used to adjust for baseline differences between patients with and without WRF, variables with a univariate p value ^ 0.1 were included in the model. Statistical analysis was performed with SPSS version 17.0 (SPSS Inc., Chicago, Ill., USA) and significance defined as two-tailed p ! 0.05.
Results
A total of 993 admissions met eligibility criteria. Baseline characteristics are presented in table 1 . A non-linear relationship between serum creatinine and estimated GFR was evident ( fig. 1 ). The 10th percentile for serum creatinine was 0.8 mg/dl and the 90th percentile was 3.0 mg/dl ( fig. 1 ). WRF CREAT occurred in 31.5% of the population. Table 2 illustrates the incidence of WRF at different percentage decreases in GFR. A decrease in GFR of 20% had the most similar frequency to WRF CREAT and thus was used in subsequent analysis as the relative change in GFR based definition (WRF GFR ). Of those with WRF CREAT , 80.1% also had WRF GFR (r = 0.69, p ! 0.001).
WRF and Baseline Renal Function
Similar to previous investigations WRF CREAT was associated with worse baseline renal function ( table 1 ). The incidence of WRF CREAT was significantly greater in those with moderate to severe baseline renal insufficiency (OR = 1.9, p ! 0.001). Similar trends were found by defining baseline renal insufficiency by various admission creatinine thresholds ( fig. 2 ).
WRF GFR , however, yielded dissimilar results to WRF CREAT in its relationship to baseline renal function ( fig. 2 ). Admission renal function was significantly higher in those developing WRF GFR compared to those patients who did not ( table 1 ) . In contrast to WRF CREAT , patients with baseline renal insufficiency were substantially less likely to develop WRF GFR (OR = 0.51, p ! 0.001). To control for any bias that may be introduced by very high creatinine levels, a subanalysis was performed utilizing only patients with an admission creatinine less than 2.0 mg/dl (n = 776). This demonstrated a similar association between WRF GFR and moderate to severe baseline renal insufficiency (OR 0.52, p ! 0.001); however, the association between WRF CREAT and baseline renal insufficiency was no longer significant (p = 0.39).
Similar to prior reports, patients developing WRF CREAT had a significantly higher incidence of diabetes (OR = 1.5, p = 0.002) and hypertension (OR = 1.4, p ! 0.046; table 1 ). Interestingly, WRF GFR had no association with these variables (diabetes p = 0.57, hypertension p = 0.40; table 1 ). This discrepancy may be somewhat explained by the strong association between baseline renal insufficiency and both diabetes (OR = 1.5, p = 0.001) and hypertension (OR = 1.9, p ! 0.001).
Prediction of Mortality
Moderate to severe renal insufficiency was a powerful predictor of total mortality (HR = 2.0, p ! 0.0001) and was associated with both early and late post-discharge death ( table 3 ). An elevated baseline serum creatinine was also predictive of mortality, but was an inferior metric to baseline GFR ( table 3 ) . WRF by either definition predicted early mortality, but did not significantly predict late mortality ( table 3 ) . Both WRF CREAT and WRF GFR had a similar ability to predict 30 day mortality ( table 3 ) . Focusing on this endpoint, the independence of WRF from baseline renal insufficiency was investigated using logistic regression. Adding WRF CREAT to a model with moderate to severe renal insufficiency did not significantly add to the predictive ability of the model (likelihood ratio test 2 = 2.5, p = 0.11) and the adjusted odds ratios for both variables decreased (moderate to severe renal insufficiency OR = 2.7 to 2.5, p = 0.018 to 0.04, WRF CREAT OR = 2.1 to 1.9, p = 0.047 to 0.11). Adding WRF GFR to a model containing moderate to severe renal insufficiency led to a significant improvement in the predictive power of the model (likelihood ratio test 2 = 6.6, p = 0.01). The adjusted odds ratios predicting 30 day mortality for both baseline renal insufficiency (OR = 2.7 to 3.2, p = 0.018 to 0.009) and WRF GFR (OR = 2.3 to 2.7, p = 0.026 to 0.009) improved significantly upon the addition of WRF GFR to the model, likely a result of the inverse correlation between these two variables (OR = 0.51, p ! 0.001). Addition of WRF CREAT to a model including baseline renal insufficiency and WRF GFR did not add incrementally to the model and left WRF CREAT with no independent predictive power (likelihood ratio test 2 = 0.37, p = 0.54; OR = 0.68, p = 0.55).
To further explore the influence of baseline characteristics on the association between mortality and WRF, logistic regression with backward elimination was employed. Controlling for baseline differences between those with and without WRF GFR (moderate to severe renal insufficiency, B-type natriuretic peptide, blood urea nitrogen, nitrate use, hydralazine use, and heart rate) further strengthened the association with 30-day mortality (OR = 2.8, p = 0.010). However, controlling for baseline differences between patients that did and did not develop WRF CREAT (moderate to severe renal insufficiency, se- rum sodium, hemoglobin, loop diuretic dose, blood urea nitrogen, nitrate use, hydralazine use, calcium channel blocker use, systolic blood pressure, hypertension, diabetes, and admission to the advanced heart failure service) eliminated the significance of the association with 30-day mortality (OR = 1.6, p = 0.29). Removal of baseline renal insufficiency from this model did not significantly alter the results (OR = 1.6, p = 0.29).
Discussion
The primary finding of this study is the lack of independence between WRF, defined as 6 0.3 mg/dl absolute increase in serum creatinine, with baseline renal insufficiency and the independence of WRF when defined as a relative change in GFR. By using a definition of WRF that is independent of baseline renal insufficiency, the previously reported positive association between WRF and renal insufficiency actually became a negative association. Similarly, the association between WRF and both diabetes and hypertension, two variables strongly associated with baseline renal function, is no longer present when WRF is defined using a relative change in GFR. Additionally, after adjusting for of baseline renal insufficiency and WRF GFR , WRF CREAT is left without incremental prognostic ability.
The findings of this study are not unexpected given the well-known exponential relationship between serum creatinine and renal function which was also observed in this population ( fig. 1 ) [18] . By classifying WRF as an absolute increase in serum creatinine, an obligatory dependent relationship is created between baseline renal function and WRF. For example, a 65-year-old white female with an increase in serum creatinine from 2.5 to 2.8 mg/ dl would meet the WRF CREAT definition, but only have had an estimated decrease in GFR of 2.5 ml/min, or a 12% reduction in GFR. On the contrary, a 35-year-old black male with a creatinine of 0.8 which increases to 1.1 will suffer a 43.5-ml/min (31%) reduction in GFR. As illustrated above, a definition of WRF employing a percentage change in GFR likely better describes the physiology relevant to WRF.
The failure of WRF to predict late mortality in this cohort is not inconsistent with the published literature on this subject. Previous investigators have described the failure of WRF to predict late mortality [9, 20] or mortality at any time point [14, 21] . Additionally, a substantial diminution in predictive power over time was noted in a recent meta-analysis [11] . Given that a large proportion of the publications on this subject have been retrospective series or sub-analyses, publication bias is likely operative and the ability of WRF to predict late outcomes may be inferior to that suggested by much of the current literature. Additionally, the similar unadjusted prognostic ability of a percentage change in GFR and WRF CREAT is consistent with prior reports [22, 23] .
The finding that WRF GFR has an inverse association with baseline renal insufficiency may initially seem counterintuitive. The explanation, however, likely resides in the fact that the treating physicians were not blinded to the patients' renal function during treatment. It is probable that relatively similar changes in renal function trigger different treatment decisions based on creatinine lev- el. For example, it is quite possible that an increase in creatinine from 2.5 to 3.2 mg/dl may trigger a change in management, such as discontinuation of diuresis, while an increase in creatinine from 0.8 to 1.1 mg/dl would not, even though they both represent an approximately onethird reduction in GFR. Although discontinuation of diuresis may or may not be the correct course of action in the above examples, it would certainly influence the relationship between WRF GFR and baseline renal function. Moreover, in a sub-study of the Evaluation Study of Congestive Heart Failure and Pulmonary Artery Catheterization Effectiveness (ESCAPE) trial, we have recently described a strong association between surrogates for aggressive diuresis and improved survival despite a substantially increased incidence of WRF [24] . If these observations prove correct, premature discontinuation of diuresis due to small absolute changes in serum creatinine may negatively impact survival.
Although serum creatinine-based estimates of GFR, such as the Modification of Diet in Renal Disease (MDRD) equation used in this study, are the most commonly used tools for estimation of renal function today, they are at best imperfect measures of renal function. Creatinine is not an ideal filtration marker in that its serum concentration can be significantly affected by dietary intake, tubular secretion, extrarenal clearance, and body composition [25] . Additionally, during the treatment of acute decompensated heart failure rapid changes in both volume and renal function can outpace the rate at which serum creatinine can re-equilibrate, thus adding additional error to the estimation. Superior measures of renal function likely exist, such as cystatin C, and combined equations featuring both cystatin C and serum creatinine may provide more accurate results than either method alone [26] [27] [28] . Additionally, alternative biomarkers, such as serum neutrophil gelatinase-associated lipocalin, which actually indicates injury rather than filtration, may further illuminate this area of research. Although serum creatinine based estimates of GFR are less than ideal, their use will likely persist for some time, and thus it is important not to add additional confounding to the situation with a flawed definition for WRF.
Limitations
This study is subject to the limitations inherent to retrospective data collection; however, the large sample size and sequential nature of selection offsets some of these limitations. These data are derived from a single center and thus generalizability is somewhat limited. Given the aim of this study is to influence future cardio-renal research endpoint selection, the large use of resources necessary for prospective multicenter collection of this data would be difficult to justify. Inclusion of additional clinical endpoints to mortality may further strengthen our conclusions. The use of the Social Security Death Index has been reported to have a small, but not negligible, miss rate. However, given that our objectives was the comparison of mortality between groups, and not study of absolute death rates, this is unlikely to have biased our results significantly. Additionally, the use of the MDRD equation to estimate renal function is a significant limitation given the lack of validation in this population. The primary results of this study should be interpreted as a challenge to the practice of defining WRF with absolute changes in creatinine, not that a relative change in MDRD derived GFR is the optimal definition.
Conclusion
An absolute increase in serum creatinine of 6 0.3 mg/ dl, while a well validated predictor of outcomes, is heavily biased by baseline renal function. In this population, the frequently reported association between WRF and baseline renal function, diabetes, and hypertension was no longer present when WRF was defined by a relative change in GFR. Both WRF GFR and WRF CREAT had similar univariate associations with 30-day mortality; however, only WRF GFR demonstrated this association independently of baseline renal function. Given that much of the contemporary focus of research in this area has shifted from the description of prognosis to more mechanistically oriented investigations of cardio-renal interactions, a variable more linearly related to the changes in renal function, such as a percentage change in GFR, may be better suited to capture the relevant physiology.
